The paper presents results of numerical calculations of a diaphragm wall model executed in Poznań clay formation.
INTRODUCTION
In dense urban areas the construction of foundation can be extremely difficult. The difficulties can be caused not only by close vicinity of other buildings and infrastructure but also by special soil conditions (e.g. expansive or collapsible soils) [10] . Foundation engineers and geologists should be able to identify difficult soil conditions when they are encountered in the field [20, 21] .
The diaphragm wall we analyse in this paper was executed in Warsaw city area having difficult subsoil conditions with complicated geological past. This is the Poznań clay formation appearing very often in central Poland as a subsoil of high buildings and underground structures. Special properties of the Poznań clay, its expansiveness and variation of elastic moduli being sometimes several times higher than those presented in codes and literature, make both design and construction processes very difficult.
The objective of our paper is to present selected results of numerical calculations of diaphragm wall model. The analysis was performed with the use of two Finite Element Method (FEM) codes, Plaxis and Abaqus. Both codes contain appropriate elastic-plastic models of soils suited for clay modelling but the application of these models needs good knowledge of mechanics and geotechnics [4, 7, 9] .
Moreover, there are certain differences in constitutive formulation of elastic-plastic models in Plaxis and Abaqus. Our objective was also to point out these differences and to present selected elements of constitutive theory being not explained in detail in manuals of both codes. In some cases, special techniques of FEM modelling implemented within the software were used (e.g. user defined subroutines in Abaqus).
The results of computer calculations will be compared with measured values of horizontal displacements of the diaphragm wall. Moreover, the analysis of effective stress components in soil layers will be also carried out.
POZNAŃ CLAY FORMATION IN WARSAW
In the central Poland the Poznań Formation has developed as a clay which often appears as a subsoil for high buildings and underground structures. The sedimentation of clays began 13 million years ago, and it lasted 9 million years. The layer of clays reached about 150 meters height. Special influence on original structure of soil had seismic, river erosion, glacitectonic and weathering processes [1] . It led to the formation of folds, displacements, tectonic mirrors and lenses with water under high pressure in the mass of clays. Clays lies under Quaternary deposits layer in Warsaw and its original thickness was 100-140 meters. There are numerous depressions and elevation on NNW-SSE direction (as a result of glacitectonics and erosion processes). Now, the average thickness of deposits is 50 meters, and the denivelation of clays layer reaches 100 m. Major dislocations are connected with Warta's glaciation [18] . A typical geological section is shown in Fig. 1 . 
GEOTECHNICAL CONDITIONS
The construction was executed in the difficult subsoil conditions with complicated geological past.
The analysed area is situated on the glacial plateau, covered anthropogenic embankments. There are three geological layers in the substrate of construction: fluvioglacial (medium to coarse) sands of the Warta glaciation (Qf3) with a thickness of 4.6 metre, moraine sandy clay of the Odra glaciation (Qg2) with a thickness of 4.5 m, and below layer of Mio-pliocene clays. The ground water level is located 7.5 meters below ground level in fluvioglacial sands.
Geotechnical parameters of geological layers and structural elements, are mostly taken from the geotechnical project of the metro station. The soil stiffness depends significantly on the stress level.
In order to account for the increase of the stiffness with depth in the clay layer (beginning with the level of -14 m), in the numerical computations using the Coulomb-Mohr model, a procedure E-increment was used. This means the linear increase of the Young's modulus per unit of depth was assumed for the clay layer. The authors assumed a reference value of elastic modulus Eref = 180 000 kN/m 2 at the level yref = −14 m where the clayey soil starts (see Fig. 5 ), and the modulus increment per unit of depth Einc = 7 000 kN/m 2 . In the analysis the authors used material constants determined from the laboratory tests carried out for the Mio-pliocene clays. The value of elastic modulus was obtained from Bender Element Tests in the range of small deformations [11] . It is several times higher than those listed in the Polish Standard [17] . The parameters λ and κ for the Modified Cam-Clay and Soft Soil models are also adopted on the basis of authors' own oedometric tests.
NUMERICAL ANALYSIS OF DIAPHRAGM WALL MODEL EXECUTED... In this section we describe constitutive models used both in Plaxis and Abaqus during computer simulation of the diaphragm wall, pointing out possible differences between these two applications.
CONSTITUTIVE MODELS OF SOIL IN PLAXIS AND ABAQUS
It should be emphasized that in some cases of constitutive description we put our own interpretation to the ideas and models presented in Abaqus and Plaxis manuals. Perfectly saturated conditions with no seepage were assumed in this description, so every quantity should be treated as effective.
POROUS ELASTICITY
Except for the common linear elastic material behaviour, soil mechanics offers a nonlinear, isotropic elasticity model where pressure stress is exponentially dependent on volumetric strain according to relation [5] :
where: , -the initial and current value of the effective equivalent pressure stress, respectively, -the initial void ratio, -logarithmic volumetric strain measure, -swelling index (unloading-reloading line slope or logarithmic bulk modulus in [5] ).
denotes the elastic part of the volume ratio between the current and reference configurations [5] , that is Then, the instantaneous shear modulus Gt can be calculated from (4.7) and Poisson's ratio ν
It is worth pointing out that the relation (4.2) can be obtained considering an isotropic or oedometric compression test where we can assume that the change in void ratio equals (4.9)
Substituting equations (4.4) we obtain (4.10)
In Plaxis, a similar idea is used in relation to the Soft Soil model [16] (see Eq. (4.7)). The unloadingreloading bulk modulus is formulated as (4.11) where: , -unloading-reloading elastic properties.
COULOMB-MOHR MODEL IN PLAXIS AND ABAQUS
In Plaxis Coulomb-Mohr (CM) model is understood as an elastic-perfectly plastic material behaviour with Coulomb-Mohr yield condition. In Abaqus Coulomb-Mohr yield condition is an independent material model which can be expanded by adding cohesion hardening. In Abaqus linear elastic behaviour has to be defined with Coulomb-Mohr yield condition.
In case of three-dimentional space, using principal stresses, CM criterion can be expressed by six yield surfaces [16] . It can also be formulated using three stress invariants [5] :
where (4.13) and polar angle (Lode's angle) is defined as (4.14)
The three stress invariants used in Eq. (4.12) and (4.14) are as follows:
where the deviator stress tensor and commonly used stress invariants are ,
and " " denotes scalar product. Derivation of the Coulomb-Mohr failure condition form, similar to Eq. (4.12), can be found, for example, in [13] .
Plaxis, as well as Abaqus, include a possibility to add "tension cut-off" to reduce tension strength of a soil material, which arises for using standard Mohr-Coulomb criterion.
In Plaxis, plastic potential function has no smooth corner transition as it resembles Coulomb-Mohr surface:
where: -dilatancy angle.
As a sharp transition from one yield surface to another is used, Plaxis treats corners according to the Koiter's proposal [16] . where: -initial cohesion yield stress ( ), -parameter called meridional eccentricity, which defined the rate at which the hyperbolic function approaches the asymptote in the meridional stress plane, -parameter called deviatoric eccentricity which describes the roundedness of the deviatoric section (Fig. 2) .
CM model can be used only with linear elasticity. As stiffness in real soils significantly depends on the depth it is important to add variation of Young's modulus with the vertical coordinate. Plaxis has the capability to add a linear variation of Young's modulus according to the following relation:
where: -vertical coordinate, -a reference value of the modulus at a level , -increase of the modulus per unit of depth [14, 16] . A similar dependency can be applied to cohesion.
The same can be done in Abaqus by applying a user subroutine USDFLD. This approach gives the possibility to implement no only a linear change with depth, but any function, which best describes field tests' results. The procedure in Abaqus can be applied to any material parameter. 
MODIFIED CAM-CLAY MODEL IN ABAQUS
The Abaqus Modified Cam-Clay model's yield surface can be defined as follows [5, 8] : where: -parameter defining the slope of the critical state line in p−t plane (the ratio of to at the critical state), -constant that defines the shape of the Cam yield ellipse in the meridional plane (Fig. 3) , -parameter that controls shape of a projection of the Modified CamClay model in the deviatoric plane, -hardening parameter that controls the size of the yield surface (Fig. 3 ).
Let us note that for the default value of and , the deviatoric cross-sections is a circlethe yield surface is independent of the third stress invariant. To ensure convexity of the yield surface, the values of should be used. Variable defines the point on the p-axis at which the evolving elliptic arcs of the yield surface intersect the critical-state line [8] . where: -pre-consolidation stress, -cohesion, -internal friction angle, -parameter determining the height of the yield ellipse i.e. the critical state line (Fig. 4) . (Fig. 4) . The slope of the C-M failure line is smaller than the slope of the M-line. Thus, in general stress states, the Soft Soil model yield surface is defined by six yield surfaces forming a Coulomb-Mohr surface with a cap and hardening behaviour [19] . 
SOFT SOIL MODEL IN PLAXIS

PREPARATION OF FEM MODEL
The analysed case study is a three level underground structure, which is located in the central section 
PLAXIS
The FEM model was built using 4003 15-node elements giving 32842 nodes and 48036 stress points.
Contact elements were applied for modelling the interaction between the soil and the structure. The diaphragm wall and the foundation slab were modelled with finite elements and were described with NUMERICAL ANALYSIS OF DIAPHRAGM WALL MODEL EXECUTED...a linear elastic material characteristics , . Diaphragm walls were braced by horizontal struts at an interval of 1.0 m. The struts were modelled as spring elements for which the normal stiffness was a required input parameter.
Along the excavation the surface load was taken into account, which simulated the load from the residual soil above the first level of the excavation. From a depth of 7.5 m below ground level to a depth of 14.0 m additional load on the diaphragm wall was taken into account, simulating an increase of stresses from the underground water table.
ABAQUS
The structure was modelled to be 45 meters high and 50 meters wide. Symmetry boundary conditions (horizontal displacement ux = 0) were applied to the left vertical side (symmetry line) of the model and to the left ends of struts. At the right vertical side also ux = 0 was assumed and uy = 0 at the bottom side. Struts were pinned to the diaphragm wall so that rotation was allowed in these points (joints).
The soil space as well as the concrete wall and the bottom concrete slab were divided into 4821 8-node bi-quadratic plane strain quadrilateral elements with reduced integration. The struts were modelled with 97 3-node quadratic beam elements. Such mesh gave 15313 nodes in total for the whole model.
Elastic properties of reinforced concrete were the same as in the Plaxis model. This material was also applied to the beam elements modelling the struts. The load resulting from residual soil above the level of the excavation was applied as a surface load in the vertical direction. A thin elastic layer was modelled below the applied surface load to avoid convergence problems and to improve force distribution. Gravity acceleration g = 10 m/s 2 was applied to the whole model except for struts.
In the approach where the Coulomb-Mohr model was chosen for the clay layer, a user subroutine USDFLD was used to implement linear change of the elastic Young's modulus with depth.
To model the interface between the diaphragm wall and soil, surface-to-surface contact definition with penalty constraint enforcement method was chosen. In addition, contact initiation procedure was applied to remove over-closures or clearances. Moreover, no separation after achieving contact was allowed. In this case Abaqus uses the Coulomb friction law. Thus, friction coefficient was needed as an input parameter. Assuming that clayey layer significantly affects diaphragm wall deflection coefficient of friction was chosen taking into account clay layer's internal effective friction angle.
Assuming that the interface friction angle can't be higher than the soil internal friction angle [6] :
In order to avoid convergence problems related to instabilities of material nature caused by nonlinear constitutive theory, Abaqus automatic stabilization procedure was used during calculations. This procedure adds volume-proportional damping to the model to account for localized instabilities.
Damping factors can be constant or can change over the duration of an analysis step. In the constant damping factor approach, viscous forces of the form [5] :
are added to the global equilibrium equations:
where: -artificial mass matrix calculated with unity density, -damping factor, -vector of nodal velocities, -externally applied forces, -internally generated forces [5] .
Because it is difficult to estimate proper damping factor value for the whole analysis step, the adaptive automatic stabilization scheme, in which the damping factor can vary in the course of a step, was chosen in this paper calculations. In this case the damping factor is controlled by Abaqus, considering convergence history and the ratio of the energy dissipated by viscous damping to the total strain energy [5] . This ratio was an additional input parameter.
In order to check if the damping factor introduced to the model did not affect global solution, it was necessary to ensure that viscous forces were relatively small in comparison to overall forces. We compared the viscous damping energy with the total strain energy. Damping energy appeared to be 3 levels of magnitude lower than the total strain energy proving that the stabilization did not affect results. 
CONCLUSIONS
Horizontal and vertical displacements as well as effective stresses resulting from computer calculations were compared to the results of in-situ displacements' measurements and presented in Table 4 . The values of the maximum horizontal displacements are taken from the diaphragm wall while the vertical displacements are taken from the bottom concrete slab.
Analysing the results of horizontal and vertical displacements one can see strong differences between the obtained values using both FEM codes and various constitutive models of clay. The best convergence with respect to the measured value (horizontal displacement 15.0 mm in Table 4 ) was obtained applying the Abaqus Coulomb-Mohr model (16.8 mm).
Selected graphical visualizations of stresses are shown in Fig. 6 and Fig. 7 . The values of the maximum horizontal and vertical stresses presented in Table 4 , do not differ so much as it was in case of displacements. This is quite optimistic conclusion. Nevertheless, the divergences in displacements should lead us to the conclusion that the computer calculations in geotechnics must be always viewed with a great caution as they strongly depend on the constitutive model and the FE code we used.
Applying a model having the same name in various FEM codes (e.g. Coulomb-Mohr model) does not necessarily lead to similar results. The reasons of such a situation are not only the differences in constitutive description but also algorithms of numerical integration applied, types of finite elements, location of Gauss points at elements and many other factors. 
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